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PENETRATION AND SPREADING  OF  TRANSWRSE JETS 
OF HYDROGEN I N  A MACH 2.72 AIRSTREAM 
By John P. Wagner , James M. Cameron, 
and Frederick S. B i l l i g  
Applied Physics Laboratory, The Johns Hopkins University 
S i lve r  Spr ing ,  Maryland 
SUMMARY 
Hydrogen was i n j e c t e d  from a f l a t - p l a t e  model ( s imula t ing  the  
wal l  of a supersonic  combustor)  into a Mach 2 . 7 2  a i r  s t r e a m .  The t r a n s -  
verse ,  sonic ,  underexpanded- je t  in jec t ion  was e i t h e r  from a s i n g l e  p o r t  
o r  from a f ive -por t  i n j ec to r  hav ing  the  same t o t a l  t h r o a t  ( e x i t )  a r e a ,  
with a 3-diameter   center- to-center   spacing.  The l a t t e r  i n j e c t o r  was 
tes ted  wi th  the  row of  por t s  e i ther  a l igned  wi th  or  perpendicular  to  the  
mainstream  f low  direct ion.   Schl ieren  photographs,   cone-stat ic   and  pi tot  
pressure surveys,  and gas-sampling surveys were used t o  d e f i n e  t h e  com- 
p l e x  f l o w  f i e l d  i n  t h e  y-z  (normal)  plane a t  t h e  downstream  (x) s t a t i o n  
5 equiva len t -s ingle-por t   d iameters  (d ) from the   i n j ec to r .   Fo r   t he  
s i n g l e - p o r t   i n j e c t o r   i t s e l f ,   d a t a   a l s o  were ob ta ined   a t   x /d  = 10. j e  
j e  
Deduced  y-z c o n t o u r s  f o r  s t a t i c  p r e s s u r e  and temperature ,  Mach 
number, l o c a l  v e l o c i t y ,  mass f l u x  of t h e  4 -a i r  mixture ,  % mass f l u x ,  
and t o t a l  p r e s s u r e  a r e  p r e s e n t e d .  The H, mass f l u x  d i s t r i b u t i o n  was i n -  
t e g r a t e d  g r a p h i c a l l y  t o  o b t a i n  a t o t a l  % f low ra te  for  compar ison  wi th  
the  metered  incoming  value  (i.e.,   an H, mass ba lance) .  The former 
(deduced) r a t e  a t  x / d .  = 5 was l o w e r   t h a n   t h e   l a t t e r   ( m e t e r e d )   r a t e   f o r  
a l l  t h r e e  i n j e c t o r s :  ';% low f o r  t h e  s i n g l e - p o r t  i n j e c t o r ,  12% low f o r  
the  mul t ipor t ,  perpendicular ,  and  10% low fo r  t he  mul t ipo r t  , a l igned .  I n  
view of t he  l a rge  number of measurements and data manipulations involved 
i n  t h e s e  b a l a n c e s ,  t h e  r e s u l t s  a r e  s u f f i c i e n t l y  good t o  c o n f i r m  t h e  
g e n e r a l  v a l i d i t y  of these  techniques .  
Per formances  of  the  in jec tors  are compared  on t h e  b a s i s  of 
a)  the mass-averaged total  pressure recovery at  x/d. .  = 5 f o r  t h e  a i r  
needed f o r  a s to ich iometr ic  mixture ,  and  b) t h e  a c h i e v e d  f u e l  d i s t r i b u t i o n .  
The a l i g n e d  m u l t i p o r t  i n j e c t o r  and t h e  s i n g l e  p o r t  i n j e c t o r  b o t h  g a v e  
e s t i m a t e d  e q u i v a l e n t  a i r  t o t a l  p r e s s u r e  r e c o v e r i e s  n e a r  71%, whereas the 
perpendicular  mul t ipor t  in jec tor  gave  the  cons iderably  poorer  va lue  of 61%. 
These est imated pressure recoveries  were obtained by mass-averaging prop- 
e r t i e s  f o r  two flow regions,  assuming that those two f lows then mixed i n  
a cons tan t -a rea  s t reamtube ,  and de te rmin ing  the  r a t io  o f  t h e  t o t a l  p r e s -  
s u r e  of t h i s  un i fo rmly  mixed  (and s toichiometr ic)  f low t o  t h e  t o t a l  p r e s -  
su re  of the  undis turbed  a i r  stream  ahead of t h e  i n j e c t o r .  The  two flow 
reg ions   ( i n   t he   x /d  = 5 plane)  used f o r  t h i s  c a l c u l a t i o n  were 1) t h e  
j e  
reg ion  bounded  by t h e  0% H, concent ra t ion  contour ,  and 2) t h e  r e g i o n  j u s t  
ou ts ide  th i s  contour  which  would p rov ide  su f f i c i en t  add i t iona l  a i r  t o  make 
t h e  r e s u l t i n g  m i x t u r e  s t o i c h i o m e t r i c  o v e r a l l .  
At x'dl, 
= 5 t h e  e f f e c t i v e  c r o s s - s e c t i o n a l  a r e a  of f u e l  d i s t r i -  
b u t i o n  f o r  t h e  a igned  mul t ipo r t  i n j ec to r  was - 22% g r e a t e r  t h a n  t h a t  f o r  
t he  pe rpend icu la r  mu l t ipo r t  i n j ec to r  and 7% g r e a t e r  t h a n  t h a t  f o r  t h e  
s i n g l e  p o r t  i n j e c t o r .  With r e s p e c t  t o  v e r t i c a l  p e n e t r a t i o n  p e r  s e ,  t h e  
pe rpend icu la r  mu l t ipo r t  i n j ec to r  was even poorer ,  giving only 30% as much 
pene t r a t ion  as  t h e  a l i g n e d  i n j e c t o r  i n  terms of t h e  Mach d i s k  h e i g h t  i n  
t h e  j e t  ( l a s t  j e t  i n  t h e  " s t a i r - s t e p "  set i n  t h e  a l i g n e d  c a s e ) ,  o r  60% as 
much i n  terms of t h e  H2 c o n c e n t r a t i o n   p r o f i l e s  a t  x/d = 5.  
j e  
INTRODUCTION 
Of t h e  v a r i o u s  p o s s i b l e  ways of i n j e c t i n g  f u e l  i n t o  t h e  s u p e r -  
sonic combustor of a scramjet engine, one of t h e  more a t t r a c t i v e  methods 
i s  in jec t ion  f rom f lu . sh  por t s  in  the  combustor  wall. This  approach, which 
avoids placement of any fue l  i n j ec t ion  ha rdware  in  the  seve re  env i ronmen t  
of the  combustor   f low  f ie ld ,   has   been  under   s tudy  for   several   years .  I t s  
advantages   a re   s impl ic i ty  and s t r u c t u r a l  r e l i a b i l i t y .  I t s  chief   disadvan-  
t age  i s  the  l imi ted  degree  to  which  a t r a n s v e r s e  f u e l  j e t  from a wall can 
pene t r a t e  t he  supe r son ic  a i r  s t r eam.  For  th i s  r eason ,  t he  ques t ion  of 
in te rac t ion   be tween  ad jacent   fue l  j e t s  i s  of i n t e r e s t ,  i . e . :  Will c e r t a i n  
arrangements of p o r t s  improve p e n e t r a t i o n  f o r  a g iven  mass  flow of f u e l ?  
The expe r imen ta l  s tudy  r epor t ed  he re in  has  addres sed  th i s  ques t ion  wi th  
r e s p e c t  t o  two s imple  mul t ipor t  a r rangements :  f ive  por t s  in  a row i n  t h e  
a i r  stream d i r e c t i o n ,  and t h e  same f i v e - p o r t  i n j e c t o r  r o t a t e d  90" i n  i t s  
f l u s h  wall i n s t a l l a t i o n  so that  t h e  p o r t s  are ab reas t  of each  other.  The 
former case w i l l  b e  c a l l e d  t h e  " a l i g n e d "  o r i e n t a t i o n ;  t h e  l a t t e r ,  t h e  
perpendicular"  or  ' Ic.ross-flow"  orientation.  Results  are compared with 
r e s u l t s  f o r  a s ing le -por t  i n j ec to r  hav ing  the  same t o t a l  t h r o a t  f l o w  a r e a .  
1 1  
P r i o r  work a t  t he  App l i ed  Phys ic s  Labora to ry  on  gaseous  j e t  
pene t r a t ion  from s i n g l e  p o r t s ,  b o t h  c i r c u l a r  and elongated,  has  been re-  
p o r t e d  i n  R e f s .  1-4. The most  recent  ana ly t ica l  work has  been reported 
b r i e f l y  i n  R e f .  5. Recent work done a t  o t h e r  l a b o r a t o r i e s  i s  r e p o r t e d  i n  
Refs.  6-8. S u f f i c e  i t  t o  s a y  h e r e  t h a t  a ra ther   complete   understanding 
of the important near-downstream flow field now e x i s t s  f o r  s i n g l e - p o r t  i n -  
j e c t o r s .  A u n i f i e d  and in t e rna l ly   cons i s t en t   ana ly t i ca l   t r ea tmen t   fo r   t he  
j e t  p e n e t r a t i o n  and je t  s t ructure  has  been developed (Ref .  5 ) .  
The present  report  emphasizes  the evaluat ion of experimental  
r e s u l t s .  No at tempt  has  yet  been made to  extend the aforementioned 
a n a l y t i c a l  model t o  i n c l u d e  i n t e r a c t i o n  e f f e c t s  b e t w e e n  a d j a c e n t  f u e l  
j e t s .  However, t o   p r o v i d e  a ra ther   comple te   exper imenta l   p ic ture ,   the  
flow f i e l d  i s  cha rac t e r i zed  by contours of a l l  f low propercies  a t  t h e  
downstream s t a t i o n ,  x / d j e  = 5 ,  where dje i s  the  d iameter  of t he  equ iva len t  
s i n g l e  p o r t  ( i n  t h i s  c a s e ,  0 .2  i n . ) .  A l l  c a s e s  a r e  f o r  s o n i c  i n j e c t i o n  
i n t o  a Mach 2.72 a i r  stream. Comparisons  of  the  penetration  and  flow  field 
of t h e  s i n g l e  h o l e  i n j e c t o r  and t h e  f i v e  h o l e  i n j e c t o r  h a v i n g  a cen te r - to -  
center spacing of 3 por t  d iameters  are made. For  each  in jec tor ,  an  approxi -  
mate mixing analysis  i s  used t o  e s t i m a t e ,  from t h e  deduced flow properties 
a t  x /d j e  = 5 ,  t h e  t o t a l  p r e s s u r e  loss t h a t  would be  incur red  to  produce  a 
completely  mixed,   s toichiometr ic   fuel-air   mixture .   This  loss i s  t h e n  f u r -  
t h e r  examined w i t h  r e s p e c t  t o  i t s  d i s t r i b u t i o n  between j e t  i n t e r a c t i o n  













speed  of  sound 
d i s c h a r g e  c o e f f i c i e n t  
t h roa t  d i ame te r  o f  i nd iv idua l  i n j ec to r  po r t  ( fo r  t he  s ing le  
p o r t  i n j e c t o r ,  d .* = d .  ) 
J J e  
d iameter  of  an  equiva len t  s ing le  por t  having  a t h r o a t  a r e a  
e q u a l  t o  t h e  t o t a l  t h r o a t  a r e a  of a m u l t i p o r t  i n j e c t o r  ( f o r  
a l l   d a t a   r e p o r t e d   h e r e i n ,  d = 0.200 in . )  
j e  
f u e l l a i r  e q u i . v a l e n c e  r a t i o  
a c c e l e r a t i o n  of g r a v i t y  = 32.17 f t l s e c "  
por t  cen ter - to-center  spac ing  
Mach number 
molecular weight 
s t a t i c  p r e s s u r e  
e f f ec t ive  back  p res su re  = 5 p,, 
mass-averaged  to ta l  p ressure  
2 
a 
p i t o t  p r e s s u r e  
pu2 /2 = dynamic p res su re  
universa l  gas  cons tan t  = 1545.32 ft-lbf/lbm-OR 
gas constant  of the  mixture  
temperature 
U a x i a l   v e l o c i t y  downstream  from t h e   i n j e c t i o n   p l a n e  
X mole f r a c t i o n  
X p o s i t i o n  downstream  from t h e   i n j e c t o r   p o r t  
Y mass f r a c t i o n  
Y normal   dis tance  f rom  the  plate   surface 
z l a t e r a l   d i s t a n c e  from t h e   c e n t e r l i n e  of t h e   i n j e c t o r  
Y r a t i o  of s p e c i f i c   h e a t s  
P dens i ty  of air-hydrogen  mixture 
e cone  half-angle  
Subsc r ip t s :  
a undis turbed  mainstream  condi t ion 
C cone  surf   ace  condi t ions 
i ith spec ies  
j i n i t i a l   j e t   c o n d i t i o n s  
mix p r o p e r t i e s  of air-hydrogen  mixture 
0 c e n t e r  of Mach disk  (normal  shock i n   j e t   s t r u c t u r e )  
t t o t a l   c o n d i t i o n s  
Supe r sc r ip t s  : 
( 1 '  conditions  following  normal  shock 
( )* son ic   ond i t ions   ( i n j ec to r   t h roa t ;   f o r   t he   son ic   i n j ec to r s  
r e p o r t e d  h e r e i n ,  t h i s  a l s o  i s  t h e  i n j e c t o r  p o r t  e x i t  c o n d i t i o n )  
APPARATUS AND PROCEDURE 
The exper imenta l   se tup   used   in   th i s   s tudy   (F ig .  1) is  s imilar  t o  
t h a t  of Orth  and Funk (Ref. 2 ) .  Hydrogen was in j ec t ed   t r ansve r se ly  from 
a f l a t  p l a t e  i n j e c t o r  a t  son ic  cond i t ions  in to  a Mach 2 . 7 2  a i r s t r eam.  Two 
d i f f e r e n t   t y p e s  of i n j e c t o r s  were  used: a single  (0.200-inch-diameter) 
c i r c u l a r  p o r t  and a f u e l  i n j e c t o r  i n s e r t  made w i t h  f i v e  c i r c u l a r  p o r t s  of 
0.089-inch  diameter (d *) and a center - to-center  spac ing  ( A )  of 0.268  inch, 
so t h a t  A/d 3 .  j j* = 
4 
I n  t h e  i n i t i a l  t es t s  wi th  the  s ing le -por t  i n j ec to r ,  t he  gas  
samples  were  obtained  from a 7-probe  rake.  The  0.042-in.-O.D.  probes were 
loca ted  a t  the  co rne r s  and i n  t h e  c e n t e r  of a hexagon, with a cen te r - to -  
cen ter  spac ing  of 0.28 in .  Samples were taken over  a 10-second i n t e r v a l ,  
withdrawn i n t o  b o t t l e s  and  analyzed  by  gas  chromatography  (Ref. 2 ) .  Runs 
were t h e n  r e p e a t e d  f o r  d i f f e r e n t  p r o b e  p o s i t i o n s .  C o n e - s t a t i c ,  p i t o t ,  and 
s u r f a c e - s t a t i c  p r e s s u r e s  were measured with a two-probe rake mounted on a 
mechanical ly   operated  t ravers ing mechanism. For   p rese lec ted   va lues   o f  x 
and y (F ig .   2 ) ,   the   rake  was moved a t  a ra te  of 1 in .  /min i n  t h e  z 
d i rec t ion .  P re l imina ry  tes ts  had e s t a b l i s h e d  t h a t  t h e  t i m e  response  of 
the pressure measuring system was su f f i c i en t ly  r ap id  tha t  r ead ings  ob ta ined  
wh i l e  t r ave r s ing  were i d e n t i c a l  t o  t h o s e  w i t h  t h e  p r o b e  i n  a s t a t i o n a r y  
p o s i t i o n .  
The 0.125-in.-diameter  cone-stat ic  probe had a 15" ha l f - ang le .  
Four  separately ported,  0 .015-in.  -diameter  s t a t i c  t a p s  were located a t  1 2 ,  
3 ,  6 and 9 o 'c lock ,  0.170 i n .  from t h e  t i p .  The 0.18-in.-diameter,  hemis- 
p h e r i c a l l y  nosed P i t o t - s t a t i c  p r o b e  had a 0 .015- in . -d iameter  p i to t  tube  and 
four  0 .015-in.-diameter  surface s t a t i c  ports  located 0.522 in .  f rom the 
p robe  t i p .  The probes  were  separated by 0 . 5 0  i n .  t o  a s s u r e  t h a t  d i s t u r b a n c e s  
from the  p i to t  p robe  would no t  a f f ec t  t he  cone - s t a t i c  r ead ings .  
To dec rease  the  number of t e s t  r u n s  r e q u i r e d  t o  map the  f low . f ie ld  
f o r  t h e  5 - p o r t  i n j e c t o r ,  a seven-poin t  p i to t  p ressure  rake ,  a redesigned 7- 
point  gas-sampling  rake,  and a four -poin t   cone-s ta t ic   rake  were used. Runs 
were made with one of the  rakes  mounted i n  the previously mentioned t ravers-  
ing  mechanism. Continuous  traverses  were made wi th  the  pressure  rakes, and 
gas samples were obtained with three 10-second stops of t h e  t r a v e r s e  d e v i c e ,  
g iv ing  a t o t a l  of 2 1  samples per  run.  The rakes were a r r a n g e d  i n  a v e r t i -  
ca l  a l ignment  wi th  0 .25- in .  spac ing  of  the  p i to t  and gas-sampling probes 
and 0.50-in.   spacing of the   cone-s ta t ic   p robes .  The des igns   o f   the   ind iv i -  
dua l  cone - s t a t i c  and gas-sampling probes were the same as used i n  t h e  
s i n g l e - p o r t  i n j e c t o r  t es t s .  A 0.065-in.-diameter  tube  with  0.009-in. wall 
was used fo r  t he  p i to t  p robes ,  and  the  su r face  s t a t i c s  were  e l imina ted  
because  the  r e su l t s  from t h e  s i n g l e - p o r t  t e s t s  showed t h a t  t h e  r e g i o n  of 
t h e  flow i n  which these measurements would be needed f o r  d a t a  r e d u c t i o n  was 
q u i t e  small. 
Sch l i e ren  pho tographs  fo r  bo th  se r i e s  o f  tes ts  were obtained with 
a focal-plane camera and recorded on ASA 3000 Polaroid f i lm.  
With the gas  composi t ion and total  temperature  def ined (see Appen- 
d ix)  , the combination of cone - s t a t i c  and p i to t  p re s su res  i s  s u f f i c i e n t  t o  
def ine completely a l l  o t h e r  p r o p e r t i e s  of the  f low,  as long as the  f low i s  
supersonic ,  the f low angular i ty  i s  moderate,  and t h e  shock  on t h e  c o n i c a l  
probe i s  at tached.  For  the 15O-half  angle  probe used in  these tes ts ,  de- 
tachment of the conical shock occurs a t  M < l. 13 f o r  f low a l igned  wi th  the  
probe axis .  With four  separately metered taps  it  i s  poss ib l e  to  de t e rmine  
t h e  l o c a l  f l o w  a n g u l a r i t y  f o r  m o d e r a t e  a n g l e s  o f  a t t a c k  i f  t h e  p r o b e  diam- 
e t e r  i s  small  compared t o  t h e  t r a n s v e r s e  g r a d i e n t  i n  Mach number (Ref. 9 ) .  
5 
The p i to t  p robe  was designed t o  b e  i n s e n s i t i v e  t o  a n g l e s  o f  a t t a c k  5 15" 
(Ref. 10). Thus ,   su f f i c i en t   i n fo rma t ion  was a v a i l a b l e  t o  d e f i n e  t h e  t h r e e -  
d imens iona l  charac te r  of  the  f low f ie ld .  However, t h e  r e q u i r e d  a n a l y t i c a l  
e f f o r t  would have  been  excess ive ,  r e l a t ive  to  the  sma l l  ga in  in  unde r s t and-  
ing i t  would have  provided.   Instead,  i t  was assumed tha t  t he  f low was co- 
a x i a l  ( i .e . ,  p a r a l l e l  t o  t h e  x a x i s )  f o r  x / d j e  _> 5 ,  and the   average   va lues  
of t h e  f o u r  s t a t i c  p r e s s u r e s  were  used ,  un le s s  t he  dev ia t ions  in  the  fou r  
readings  were l a r g e ,  i n d i c a t i n g  e i t h e r  t h a t  t h e  bow shock from an adjacent 
probe was causing a s p u r i o u s  e f f e c t  o r  t h a t  t h e  yaw angle  of the f low was 
l a rge .  Fo r  the  few p o i n t s  i n  which t h i s  o c c u r r e d ,  e i t h e r  t h e  h i g h  p r e s s u r e  
was d i s r e g a r d e d  o r  t h e  d a t a  were not  included.  Moreover, some d i f f i c u l t y  
was exper ienced  in  prec ise ly  de te rmining  the  z /d  j f c  = 0 plane,  with the cone 
probe  rake. To a l l e v i a t e  t h i s  p r o b l e m ,  t h e  d a t a  t a k e n  on bo th  s ides  of t h e  
z/dj>k = 0 plane were examined t o  f i n d  t h e  p l a n e  of symmetry  and the  z /d .*  = 0 
poin t  was adjusted accordingly.  J 
I n  r e g i o n s  of the f low having M < 1.13 the  p i to t  r ead ing  i s  
e s s e n t i a l l y  t h e  t o t a l  p r e s s u r e  ( i . e .  , pt '/pt = 0.998 a t  M = 1.13; pt ' /p t  
= 1.00, M 5 1) and the  second  property  used i s  s t a t i c  p r e s s u r e .  The 
s t a t i c  p r e s s u r e  c a n  b e  o b t a i n e d  from t h e  s t a t i c  t a p s  on the  p i to t  p robe  or  
from a smooth e x t r a p o l a t i o n  of a curve of  deduced s t a t i c  p res su res  fo r  t he  
reg ions  of M > 1.13 t o  t h e  f l a t  p l a t e  s u r f a c e  p r e s s u r e .  A s  it  turned out ,  
t he  r eg ion  of flow with M < 1.13 i n  t h e s e  t e s t s  was so  smal l  tha t  on ly  the  
l a t t e r  method was used. 
EXPERIMENTAL RESULTS 
A schematic of t h e  t e s t  s e t u p  showing the axis system used i s  
g i v e n  i n  F i g .  2. To in su re  d i r ec t  comparab i l i t y  of r e s u l t s ,  t h e  c r i t i c a l  
pa rame te r s  t ha t  con t ro l  j e t  penetrat ion  (Ref .  l), j e t  t o t a l / e f f e c t i v e  back 
pressure,  pt j  /pb,  and momentum r a t i o ,  q j  / q a ,  were c l o s e l y  matched f o r  t h e  
two d i f f e r e n t  i n j e c t o r s .  
Single-Port  Data 
Tests were made with a 0 .200- in . -d i ame te r  i n j ec to r  a t  540 5 pt 
j 
- C 592  p s i a  and  356 5 pt 5 360 ps i a .  Gas samples ,  p i to t  p ressures ,  and a 
cone - s t a t i c  p re s su res  were obta ined  for  bo th  of f -p la te  d i s tances  y /d .*  and 
of f -center  d i s tances  (z /d j*)  and two downstream ax ia l  l oca t ions  x /d .*  = 5 
and  10. Resu l t s  of  t h e  a n a l y s i s  of the   gas   samples   are  shown i n  F i g .  3 .  
The contours of constant mole percentage of hydrogen were generated from 
c r o s s p l o t s  of t he  d i sc re t e  da t a  po in t s  wh ich  a re  shown.  The n e a r  c i r c u l a r  
shape of the contours i s  consistent with observations of Zukoski and Spaid 
(Ref.  11)  and  Torrence  (Ref. 6) f o r  a r g o n  i n j e c t i o n  i n t o  a Mach 2.56 a i r -  
stream. The c o n e - s t a t i c  and p i t o t  p r e s s u r e  d a t a  n o r m a l i z e d  t o  t h e  a i r  
t o t a l  p r e s s u r e  a r e  shown i n  F i g s .  4 and 5.  The general  t rend of t h e  p i t o t  
p ressures  i s  a monotonic increase with a fixed y/d * and increas ing  z /d  *, 





i n  t h e  c u r v e  f o r  x / d j *  = 5,  y/d .* = 3.125 and t h e  i n v e r s i o n  of the  curve  a t  
systematic .  
X/dj* = 5 , fo r  y /d j*  = 1.25  and  0.625. Cone s ta t ic  p res su res  a re  less J 
Schl ieren photographs from t h e s e  t es t s  and from numerous o the r  
t e s t s  were examined t o  l o c a t e  t h e  p o s i t i o n  of t h e  Mach d i s k  i n  t h e  u n d e r -  
expanded  secondary je t s .  The r e s u l t s ,  summarized i n  Ref. 5 ,  show t h a t  t h e  
v e r t i c a l   d i s t a x e   t o   t h e   c e n t e r  of t h e  Mach disk can be approximated by 
the s imple expression 
For  pt  /pb = 5.75, 
g ives  a method f o r  
the  Mach d i s k ,  x. , 
t i o n a l  p e n e t r a t i o n  
j 
pj*/pa = 3.04 ,  and  yo/d.* = 1.74. Reference 5 a l s o  
ob ta in ing  the  downstream displacement of the center of 
and f o r   t h i s   c a s e   x o / d - *  2.04.  Although  the  addi- 
downstream of t h e  Mach d i s k  i s  s i g n i f i c a n t ,  as evidenced 
J 
J 
i n  F i g s .  3 ( t h e  maximum H2 concent ra t ion  which  l ies  near  the  center  of  mass 
a t  x / d j *  = 5 i s  a t  y/d J- = 2.7 and a t  x / d j *  = 10 i s  a t  y / d . *  = 2.9) t h i s  
l oca t ion  i s  a good i n d l c a t o r  of the  u l t imate  pene t ra t ion .  'Thus ,  one of t he  
comparisons to be made between single and m u l t i p l e  h o l e  i n j e c t o r s  w i l l  be  
based on yo/dj*. 
Mult iple  Port  Data  
j- 
This  sect ion deals  with the measurements  made wi th  the  t r ansve r se  
i n j e c t i o n  of  hydrogen  from a row of 5 c i r c u l a r  p o r t s  t h a t  w e r e  e i t h e r  
a l igned  wi th  o r  pe rpend icu la r  t o  the  Mach 2 . 7 2  a i r s t r eam.  The 0.089-in. 
diameter of t he  ind iv idua l  po r t s  was se l ec t ed  so  t h a t  t h e  t o t a l  c r o s s - s e c -  
t i o n a l  a r e a  of t h e  f i v e  p o r t s  would b e  e q u a l  t o  t h a t  of the 0.200-in.-  
d i a m e t e r  i n j e c t o r  u s e d  i n  t h e  s i n g l e  p o r t  t e s t s .  T h u s ,  f o r  t h e  same a i r -  
f low condi t ions,  equal  p t j ' s  would give equal  mass f lows,  and d i r e c t  com- 
parisons  could  be made.  The gas  sampling and pressure  measurements  were 
made with pt - 565 p s i a  t o  ma tch   t he   s ing le   po r t   r e su l t s .  Some runs  were 
a l s o  made i n  which  pt was v a r i e d  from 200 t o  693 p s i a ,  and s c h l i e r e n  
p i c t u r e s  were taken to  examine the s t ructure  of the underexpanded je ts  and 
to  de t e rmine  the  Mach d i sk  loca t ions .  
j -  
j 
Concen t r a t ion   p ro f i l e s  a t  x/d = 5 (downstream d i s t a n c e  i s  
measured  from t h e  c e n t e r  of t h e  t h i r d  c l r c u l a r  p o r t )  f o r  t h e  two config-  
u r a t i o n s  a r e  compared i n  F i g .  6 .  Here  dje i s  the  equivalent   diameter  
f o r  t h e  t o t a l  t h r o a t  a r e a  of t h e  f i v e  p o r t s ,  and it i s  e q u a l  t o  d.* f o r  
t he   s ing le -por t   i n j ec to r ,   i . e . ,   0 .200   i n .  The pe rpend icu la r   i n j ec to r   has  
poor  pene t r a t ion  cha rac t e r i s t i c s ,  w i th  an  ab rup t  f a l l -o f f  i n  hydrogen  con-  
c e n t r a t i o n  from 50 mole % t o  0 mole % i n  going from y /d je  = 2 t o  y / d j e  = 3 
( i . e . ,  from 0.4 i n .  t o  0 . 6  i n .  from t h e  p l a t e ) .  The a l i g n e d  i n j e c t o r  com- 
p a r e s  f a v o r a b l y  i n  p e n e t r a t i o n  and  spreading  wi th  the  s ing le-por t  in jec tor ,  
but  the concentrat ion goes through a maximum wi th  o f f - cen te r  d i s t ance ,  
j e  
J 
7 
whereas  fo r  t he  s ing le -por t  i n j ec to r  it decreased monotonically from a maxi- 
mum a t  x/d = 0 ,  y/d - 3 .  
j e  j e  - 
The in i t i a l  gas - sampl ing  measu remen t s  fo r  t he  a l igned  in j ec to r  i n -  
dicated the seemingly anomalous resul t  of  low concen t r a t ion  in  the  "co re"  
reg ion  a t  y/d = 3 ,  z/d. ,  = 0 and a peak  concen t r a t ion  p ro f i l e  1-2 d 
l a t e r a l l y  from t h i s  poinl!. T h i s  r e s u l t  was v e r i f i e d  by t a k i n g  a d d i t i o n a l  
gas  samples  ( to  a t o t a l  of 4 2 )  i n  t h e  r e g i o n  0 5 z /d je  5 1.5 ,  0.625 5 y/dje  
de t a i l ed  numer i ca l  ca l cu la t ions  of coaxia l  tu rbulen t  mix ing  must be made t o  
v e r i f y  t h i s  c o n c l u s i o n .  I n  a n y  e v e n t ,  t h e  area enclosed by t h e  zero-%  con- 
c e n t r a t i o n  p r o f i l e  i s  - 7% g r e a t e r  t h a n  w i t h  t h e  s i n g l e - p o r t  i n j e c t o r  a t  
equ iva len t  t e s t ing  cond i t ions .  
j e  j e  
- < 5 . 6 2 5 .  This characterist ic should enhance the downstream mixing, but 
With t h e  p e r p e n d i c u l a r  i n j e c t o r  t h e  a b r u p t  d r o p  i n  c o n c e n t r a t i o n  
between  y/dje = 2 and y/dje = 3 was n o t e d .  I n  t h i s  r e g i o n  o n l y  t h e  p o i n t  
measurements are shown, and no attempt has been made t o  d e f i n e  t h e  c o n t o u r s .  
The l a t e r a l  s p r e a d i n g  of the hydrogen i s  g rea t e r  t han  wi th  a s i n g l e  p o r t ,  
bu t  t he  pene t r a t ion  i s  c o n s i d e r a b l y  l e s s .  A d d i t i o n a l  r e s u l t s  a t  o t h e r  h o l e  
spac ings  a re  be ing  made i n  a follow-on program to  de t e rmine  the  spac ing  a t  
which the f low becomes two-dimensional  ra ther  than three-dimensional  in  
cha rac t e r .  
Figures  7 and 8 compare t h e  c o n e - s t a t i c  and p i t o t  p r e s s u r e  p r o -  
f i l e s  f o r  t h e  two i n j e c t o r  o r i e n t a t i o n s  a t  x / d j e  = 5 .  The d a t a  f o r  t h e  
a l i g n e d  i n j e c t o r  show t r ends  similar t o  t h o s e  f o r  t h e  s i n g l e  0 . 2 0 0 - i n . -  
d i ame te r   po r t   (F ig .   4 ) .   Fo r   t he   pe rpend icu la r   o r i en ta t ion ,   t he   p re s su res  
va ry  on ly  s l i gh t ly  wi th  the  l a t e ra l  d imens ion ,  z /d j e ,  and represent  a 
nearly two-dimensional f low field.  
Typical  schl ieren photographs of t h e  j e t  s t r u c t u r e  f o r  t h e  two 
o r i e n t a t i o n s  of t h e  f i v e - p o r t  i n j e c t o r  a r e  shown i n  F i g .  9 .  With t h e  p e r -  
pend icu la r  o r i en ta t ion  the  f low f i e ld  i s  s i m i l a r  t o  t h a t  of t h e  t r a n s v e r s e  
s lo t   i n j ec to r   (Re f .   12 ,   F ig .  6 ) ,  i . e . ,  i t  i s  cha rac t e r i zed  by la rge   separa ted  
zones fore  and a f t  of the hydrogen j e t ,  and t h e  Mach d i s k  i s  n e a r l y  p a r a l l e l  
t o  t he  p l a t e .  Fo r  the  a l igned  in j ec to r  an  in t e re s t ing  shock  pa t t e rn  r e -  
sembling  an  ascending  s ta i rcase i s  observed. The s t ruc tu re  o f  t he  most  up- 
s t r e a m  j e t  i s  similar t o  t h e  s t r u c t u r e  o f  t h e  d i s c h a r g e  from a s i n g l e  o r i -  
f i c e .  The secondary j e t  i s  p a r t i a l l y  b e n t  i n  t h e  downstream d i r e c t i o n  
be fo re  the  Mach d i s k  i s  formed (see   F ig .   4b ,   Ref .   5 ) .  The r ema in ing  j e t s  
appea r  t o  be  sh i e lded  from the cross  f low and a r e  similar t o  t h e  d i s c h a r g e  
i n t o  a quiescent  medium (see  Fig.   4a ,   Ref .  5 ) .  Each  succeeding Mach d i s k  
h a s  g r e a t e r  p e n e t r a t i o n  i n d i c a t i n g  t h a t  t h e  e f f e c t i v e  b a c k  p r e s s u r e  i s  
d e c r e a s i n g  i n  t h e  downstream d i r e c t i o n .  
The Mach d i sk  he igh t  yo ( i . e . ,  t h e  v e r t i c a l  d i m e n s i o n  t o  t h e  
c e n t e r  of t h e  Mach d isk)  se rves  as an  ind ica to r  of r e l a t i v e  p e n e t r a t i o n .  
Table 1 compares the measured, normalized Mach d i s k  h e i g h t s  f o r  t h e  5 - p o r t  
i n j ec to r  i n  the  pe rpend icu la r  o r i en ta t ion  (yo /d j* ,  where  dj* i s  0.089 i n . ,  
t he  s ing le  ho le  d i ame te r )  w i th  the  s ing le -por t  co r re l a t ion ,  Eq. (1) [ i . e .  , 
8 
Table 1 
Mach Disk Height for F i v e - P o r t  I n j e c t o r  i n  
Perpendicular  Or ien ta t ion  
~- - . .. . . ~ ~~ . 
Jet  T o t a l   P r e s s u r e   D i s t a n c e   t o  Mach Disk YO 
I * 0.5 
P t  j yo, in .  d.* J [?)  
~~ 
200  0.064 0.72 1 3 
245  0.081 0 .91  1 14 
304  0.099 1.11 1 27 
390 0.114 1.28  1.44 
565  0.157 1.76 1 73 
693  0.172 1.93  1.92
L 
yo/d * = (pj*/pb) ' ,   s ince M = 13.  A t  t h e   h i g h e s t   p r e s s u r e   t e s t e d ,   t h e  
values  of yo/dj* f o r  t h e  two i n j e c t o r s  are e s s e n t i a l l y  t h e  same, b u t  f o r  
a l l  lower  pt , yo /d j*   €o r   t he   mu l t ipo r t   i n j ec to r  i s  smaller .  Of course ,  
i f  a comparison i s  made on d in s t ead  of d.*, t h e  m u l t i p o r t  i n j e c t o r  i s  
considerably poorer  a t   a l l  p ressures .  
j j 
j 
j e  J 
Table 2 
Mach Disk Heights  €or  Five-Port  Injector  
i n  Aligned Orientat ion;  pt j  = 565 p s i a  
I n j e c t   o r   D i s a n c e   t o  Mach Disk ,   Ef fec t ive   Loca l  - 
Number 
YO 
( in . )  
yo/d * Pressu re  






1.61 115 .O 
2.36 53.6 
3.15 30.1 
4 . 4 9  14.8 
6.40 7.3 
9 
The va lue  of yo/dj* = 1 . 6 1  f o r  f i r s t  Mach d i s k  i s  in  genera l  agreement ,  
w i th  the  va lue  o f  1.73  from t h e  s i n g l e - h o l e  c o r r e l a t i o n  a t  pt = 565 psia 
(Table 1). For   ports   2-5,  yo increases  monotonically,   and j the   approxi -  
mate  character  of t he  loca l  ex te rna l  p re s su re  can  be  ob ta ined  by us ing  Eq. 
(1) w i t h  t h e  l o c a l  y o / d - *  and c a l c u l a t i n g  by the  e f fec t ive  back  pressure .  
These values shown i n  the las t  column of  Table  2 i n d i c a t e  t h a t  t h e  l o c a l  pb 
drops from nea r  t he  s ing le -por t  va lue  co r re spond ing  to  the  f r ee  stream p 
( p t l  = 150 p s i a ,  and pb = 100 p s i a ,  f o r  pta = 565 ps i a )  t o  abou t  ha l f  t he  t a 
f r e e  stream s t a t i c  p r e s s u r e  o f  14.7 psia.   Regions  of s t a t i c  pressure  of  - 
0.5 pa are known t o  b e  p r e s e n t  i n  t h e  wake of s i n g l e - p o r t  i n j e c t o r s  ( e . g . ,  
see   F igs .  10 and 11, Ref. 11). The displacement   of   the  Mach d i s k  from t h e  
f i f t h  p o r t  (yo = 0.57 in.)  i s  65% g r e a t e r  t h a n  t h a t  f o r  a s i n g l e  p o r t  a t  
t h e  same pt .[yo = 1.73(0.2) = 0.346 in . ] .  This  resu l t  sugges ts  tha t  the  
a l igned  mul t ipor t - in jec tor  could  be  used  e f fec t ive ly  to  enhance  penet ra t ion .  
J 
Data Analysis  
The expe r imen ta l  da t a  p re sen ted  in  the  p reced ing  sec t ion  have  
been used t o  deduce  o the r  f lu id  p rope r t i e s  and flow parameters a t  a x i a l  
pos i t i ons  a t  x /d je  = 5 and 10. (For   t he   s ing le   po r t ,   d j*  = d = 0.200  in.) 
De ta i l s  o f  t he  p rocedure  fo r  ob ta in ing  s t a t i c  t empera tu re  and  p res su re ,  
sound speed ,  the  gas  cons tan t  and the hydrogen mass f r a c t i o n  a r e  g i v e n  i n  
the  Appendix. The method  by  which t h e s e  p r o p e r t i e s  are  used to deduce flow 
pa rame te r s ,  v i z . ,  t he  mass f lux of  each species  and the local  mass-averaged 
t o t a l  p r e s s u r e ,  i s  a l so  d i scussed .  
j e  
S ing le  Por t  - T y p i c a l  p r o f i l e s  of T and p/pta f o r  t h e  v a r i o u s  
y /d j*  se t t i ngs  and  pt /% = 5.7 a r e  shown i n  F i g s .  10 and 11 f o r  X/dj* = 
j 
5 and 10 ,  r e spec t ive ly .  These  cu rves  a re  drawn through  the   po in ts   ca lcu-  
l a t e d  from t h e  d i s c r e t e  d a t a  p o i n t s  shown i n  F i g s .  4 and 5.  From t h e s e  
p l o t s  t h e  y ,  z coordinates  of  isotherms and i sobars  can  be  obta ined  and 
p l o t t e d  as  i n  F i g s .  12 and  13.  The nomina l  va lues  o f  t hese  p rope r t i e s  i n  
the undisturbed flow ahead of t h e  j e t  a r e  T = 214"R ( f o r  Tta = 530"R)  and 
p/pta  = 0.0417 ( f o r  Ma = 2.72). From Fig. 3 the  zero  concent ra t ion  contour  
i s  approximate ly  c i rcu lar  wi th  a radius  of  - 3 de*;, and it  i s  centered  a t  
z /d j*  = 0,  y/dj* M 2.7. From schl ieren photographs the interact ion shock 
passes  through y/dj* x 8 a t  z /d  = 0 and x/dj* = 5 and thus l i e s  - 2 d.* 
o u t s i d e  t h e  0% % contour  a t  t h l s  p o i n t .  I f  it i s  assumed t h a t  t h e  same J 
r e l a t i v e  s e p a r a t i o n  e x i s t s  a t  other z/dj>k, then it appears  that  whereas  
some of the f lowfield surveyed l i e s  ou t s ide  the  0% $ contour, none of i t  
l i e s  o u t s i d e  t h e  shock  contour. Flow wi th in  th i s  reg ion  has  passed  through 
the standoff shock and has incurred a t o t a l  p r e s s u r e  loss which v a r i e s  i n -  
ve r se ly  wi th  the  d i s t ance  from t h e  i n j e c t o r .  Downstream  of the shock the 
f low reacce lera tes  and pressure ,  t empera ture ,  and Mach number t e n d  t o  r e -  
ad jus t   t o   nea r   t he   und i s tu rbed   f r ee - s t r eam  va lues .  However, regions  of  
l oca l ly  h ighe r  o r  l ower  p re s su re  and temperature  do exis t  because the pro-  
ces s  of flow realignment requires both expansion and compression waves t o  
meet the requirements  for  compat ibi l i ty  of  pressure and f low direct ion.  




s t a t i c  to  p i to t  p ressure .  Contours  in  the  immedia te  reg ion .of  the  p la te  
where t h e  Mach number d e c r e a s e s  t o  0 i n   t h e  boundary layer have been 
o m i t t e d  f o r  c l a r i t y .  Note t h a t  Mach numbers  below 1.13, the shock  detach- 
ment c o n d i t i o n  f o r  t h e  c o n i c a l  p r o b e ,  are no t  p re sen t  ou t s ide  th i s  r eg ion .  
The l o c a l  v e l o c i t y  (u)  and hydrogen mass f l u x  (pu) contours shown i n  F i g s .  
15 and  16  were  obtained  from  the  p/p T ,  M and  gas  composition  contours 
t a  ' 
us ing  a mass-averaged gas  constant  and total  temperature  by the method des- 
c r ibed  i n  t h e  Appendix.  The  peak v e l o c i t y  of 4900 f t / s e c  a t  x /d j  = 5 ,  
y / d j  = 2 . 6 ,  z /d .  = 0 occurs  in  the  center  of  the  hydrogen  j e t  downstream 
o f  the  Mach d i d .  
I n t e g r a t i o n  o v e r  t h e  area enc losed  wi th in  the  mass f l u x  d i s t r i -  
bu t ion  up t o  z e r o  pu c o n t o u r  i n  F i g .  16, assuming the arithmetic mean 
value of  pu f o r  t h e  a r e a  bounded between each pa i r  o f  ad jacent  contour  
l i n e s ,  l e d  t o  mass flow rates of 0.099 lbm/sec a t  x/dj* = 10. The metered 
incoming flow r a t e  b a s e d  on averaged values of hydrogen plenum pressure and 
temperature  of  550 psia  and 500"R r e spec t ive ly ,  and an  assumed discharge co-  
e f f i c i e n t ,  %, of 0.95  i s  0.103  lbm/sec.   These  differences of 4% (low) a t  
x/djfc = 5 and 9% (low) a t  x/dj* = 10 a r e  f e l t  t o  b e  well wi th in  the  reason-  
a b l e  e r r o r  bounds considering the complexity of the experimental  procedure 
and da ta  ana lys i s  t echn iques .  
The t o t a l  p r e s s u r e  c o n t o u r s  shown i n  F i g .  17 were  deduced  from 
the  p i to t  p re s su re  and  Mach number p lo ts  (F igs .  4 ,  5 and 1 4 )  us ing  the  Mach 
number re la t ionships   (Ref .  1 5 ) .  Figure 18 shows t h e  mass f l u x   p r o f i l e s   f o r  
the  mixture  ( P U ) ~ ~ ~  o b t a i n e d  i n  a manner s i m i l a r  t o  t h a t  u s e d  i n  o b t a i n i n g  
the  hydrogen mass flux  contours  (see  Appendix).  With ( P U ) ~ ~ ~  and pt def ined  
i t  i s  now poss ib l e  to  ob ta in  the  mass -ave raged  to t a l  p re s su re ,  which i s  de- 
f i n e d  a s  
where t h e  N va lues  of and pc a re   ob ta ined  by a s s ign ing   l oca l   va lues  
t o  a l a r g e r  number  of s m a l l  f i n i t e  a r e a s  from Figs .  1 7  and 18. This   pro-  
cedure i s  f i r s t  ca r r i ed  ou t  ove r  t he  r eg ion  enc losed  by t h e  0% % contour  
and then extended symmetrically outward t o  a s i m i l a r i l y  shaped contour con- 
t a i n i n g  s u f f i c i e n t  a i r  t o  r e p r e s e n t  a n  o v e r a l l  s t o i c h i o m e t r i c  f u e l - a i r  
r a t i o .  A t  l a rge  d i s t ances  from t h e  i n j e c t o r  beyond  where d a t a  were obta ined ,  
the  f ree-s t ream va lues  of  (pu)mix = 367 lb/sec-ft" and pt = 356 p s i a  were 
used .  For  the  s ing le-por t  in jec tor  a t  x/d JX = 5 ,  Tt was 245 p s i a  f o r  t h e  g a s  
w i t h i n  t h e  0% Q contour and was 320 ps ia  io r  t he  r eg ion  be tween  the  0% $ 
contour  and the  con tour  enc los ing  su f f i c i en t  a i r  fo r  s to i ch iomet r i c  p ropor -  
t i ons .  A t  x/dj* = 10 the  cor responding  va lues  were 209 psia and 340 ps ia .  
The l o s s e s  i n  t o t a l  p r e s s u r e  from t h e  o r i g i n a l  v a l u e s  of  356 p s i a  f o r  t h e  
a i r  and 550 ps ia  fo r  t he  hydrogen  inc lude  the  in t e rac t ion  lo s ses ,  t he  lo s ses  
due to  mixing and the wal l  shear .  S ince  the  mixing  losses  are depen.dent  on 
the degree of mixing i t  i s  n e c e s s a r y  t o  c o n s i d e r  t h e  e x t e n t  of mixing i n  
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comparing t o t a l  p r e s s u r e  l o s s e s .  A reasonable  basis for comparison would 
be  the  mass-averaged  to ta l  p ressure  a t  the  poin t  where  the  stream readhed 
uniform  s toichiometr ic   proport ion.  The la t te r  condi t ion  could  only  be  
a t t a ined ,  o f  cour se ,  i n s ide  a combus to r  duc t  w i th  the  co r rec t  ove ra l l  fue l -  
a i r  r a t i o ,  w h e r e a s  i n  t h e  unbounded case t rea ted  exper imenta l ly  here ,  a 
g rad ien t  i n  ER would  always ex is t .  Moreover, t o  c a l c u l a t e  t h e  t o t a l  p r e s -  
s u r e  loss  a r igorous coaxial ,  but  not  axisymmetr ic ,  mixing analysis  would 
be  requi red .  To  a v o i d  t h i s  d i f f i c u l t y  and yet  s t i l l  o b t a i n  a comparison 
o f  t h e  t o t a l  p r e s s u r e  loss w h i c h  a c c o u n t s  f o r  t h e  d i f f e r e n c e  i n  d e g r e e  of 
mixing ,  the  fo l lowing  approximate-ana lys i s  was made. For  each of  the two 
streams ( i .e . ,  stream 1 i s  w i t h i n  t h e  0% % contour and stream 2 i s  between 
t h e  0% % contour  and the s toichiometr ic  a i r  contour)  the mass-averaged 
t o t a l  p r e s s u r e  and pu,,,ix and average J& concen t r a t ion  ( ze ro  fo r  t he  ou t s ide  
stream) are known. Thus,  mass-averaged  properties  can  be  assigned t o  each 
stream. I f  i t  i s  then  assumed t h a t  t h e  two streams mix un i fo rmly  in  a con- 
s t an t - a rea  p rocess  in  the  absence  of wall shea r ,  t hen  the  conse rva t ion  
equat ions can be solved for  the mass-averaged propert ies  of  the uniformly 
mixed stream.  For  example,   given  the case h e r e i n  of Tt z T t a ,  y j  - ya - 
1.4, the  express ion  for  the  mass-averaged  Mach number M3 i s  obtained from 
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With M and A3 = A 1  + A 2 ,  t he   o the r   p rope r t i e s   a r e   r ead i ly   ob ta ined .  The 
"mixed"average t o t a l  p r e s s u r e s  o b t a i n e d  by t h i s  method  were 254 ps ia  from 
the x/dj* = 5 data  and 242 p s i a  from the  x /d j*  = 10. P a r t  of t h e  12  p s i a  
( o r  5%) d i f f e r e n c e  would be due t o  t h e  wall shear between x/d "- = 5 and 10 
and p a r t  i s  probably due t o  i n h e r e n t  i n a c c u r a c y  i n  t h e  c a l c u l a t i o n a l  p r o -  
cedure. Table 3 shows mass-averaged  proper t ies  for  x /d  j* = x/d je  = 5. 
Mul t ip l e  Por t  - Isotherms and isobars deduced from the cone- 
s t a t i c  and p i t o t  p r e s s u r e  d a t a  p r e s e n t e d  i n  F i g s .  7 and 8 are  shown i n  
F igs .  19 and  20 for   bo th   perpendicular   and   a l igned   in jec tors  a t  x/d = 5. 
Mach numbers  deduced  from t h e  p r e s s u r e s  a r e  shown i n  F i g .  21.  With t h e  
i n j e c t o r  i n  t h e  p e r p e n d i c u l a r  c o n f i g u r a t i o n ,  crests  and t r o u g h s  i n  t h e  Mach 
number p r o f i l e s  are  ev iden t  fo r  r eg ions  nea r  t he  p l a t e .  Fo r  a f ixed  y /d je  
t h e  Mach numbers are s l i g h t l y  h i g h e r  f o r  r e g i o n s  c l o s e  t o  t h e  c e n t e r  p o r t  
a t  z /d j e  2 0 than  for  the  outermost  por t s .  Note  tha t  the  ind iv idua l  Mach 
contours  are  not  symmetrical abou t  t he  fue l  i n j ec to r  po r t s .  Apparen t ly ,  
a cons iderable  amount of interaction occurs between the hydrogen j e t s  
during expansion for  small va lues  o f  t he  r a t io  of po r t  cen te r - to -cen te r  
j A  
j e  
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spac ing  to  po r t  d i ame te r  (R/dj* = 3) .  Wi th  the  f ive-hole  in jec tor  a l igned  
wi th  the  f low,  the  Mach number contours  are  more regular .  
The l o c a l  v e l o c i t y  (u) , hydrogen mass f l u x  ( P U ) ~  and air-hydro- 
gen mass f lux  ( P U ) ~ ~ ~  contours  in  Figs .  22,  23,  and 24 we& obtained from 
t h e  s t a t i c  va lues   o f  p and T (see Appendix),the  "contour  data, a mass- 
averaged gas  constant ,  and the hydrogen concentration data assuming a two- 
component mixture  of i dea l  gases .  
An area i n t e g r a t i o n  of the hydrogen mass f l u x  d i s t r i b u t i o n ,  
assuming t h e  a r i t h m e t i c  mean va lue   o f   (pu)   for   the   en t i re  area bounded 
be tween each  pa i r  o f  ad jacent  contour  l ines , led  to  mass flow rates of 
0.090  lbm/sec  for  the  aligned  orientation  (Fig.   23a) and t o  0.088  lbm/sec 
fo r   t he   pe rpend icu la r   o r i en ta t ion   (F ig .  23b). The metered  incoming  flow 
r a t e  b a s e d  on an averaged plenum hydrogen pressure and temperature of 565 
psia and 535'R, r e s p e c t i v e l y ,  and a c a l i b r a t e d  d i s c h a r g e  c o e f f i c i e n t ,  CD, 
of 0.96 i s  0.10 lbm/sec.  The i n t e g r a t e d  mass f lows  a re  10% low and 12% 
low fo r   t he   a l igned   and   pe rpend icu la r   con f igu ra t ions ,   r e spec t ive ly .   These  
r e s u l t s  a r e  comparable t o  t h e  4%-low agreement obtained for the single 
0 .200-inch port ,  consider ing the increased complexi ty  of  the near  downstream 
flow f i e l d  r e s u l t i n g  from mul t ip l e -po r t  i n j ec t ion .  
HZ 
The t o t a l - p r e s s u r e  p r o f i l e s  i n  F i g .  25 were obtained from p i t o t  
p ressure  and  deduced Mach number da ta .  Mass-averaging  of  the  to ta l  pres- 
su re  was performed by f i r s t  c o n s t r u c t i n g  a g r id  of l o c a l  ( P U ) ~ ~ ~  and pt 
values  obtained by superimposing the (pu),iX contours  of  Fig.  24 on t h e  pt 
contours of Fig. 25 and then carrying out  the averaging procedure of  Eq. 
(2) .  For  the  perpendicular  or ien ta t ion ,  the  pt w i t h i n  t h e  z e r o  % concen- 
t r a t i o n  c o n t o u r  was 205 p s i a ,  w h i l e  f o r  t h e  a l i g n e d  o r i e n t a t i o n  i t  was 233 
ps i a .  The values   for   mass-averaged  total   pressure  for   the  region  between 
t h e  0% 4 boundary and t h e  boundary for ER = 1 a r e  309 p s i a  f o r  t h e  p e r -  
pendicular  or ien ta t ion  and  344 ps i a  fo r  t he  a l igned  o r i en ta t ion .  Mass- 
ave raged  p rope r t i e s  fo r  t he  gas  wi th in  the  0% Hz contour  (s t ream 1) , t h e  
a i r  added t o  b r i n g  t h e  m i x t u r e  t o  s t o i c h i o m e t r i c  ( s t r e a m  2 ) ,  and t h e  "mixed" 
cond i t ion  ( s t r eam 3 ) ,  as de f ined  above ,  a r e  l i s t ed  in  Tab le  3. 
Table 3 
Mass-Averaged Propert ies  Based 
on Data a t  x /d je  = 5 
- -* ., . 
"~ . .~ . .  ~~ 
I n  j ec t   o r   S t eam 1 Stream 2 (ER = 0) Mixed t o  ER = 1 
Config- ER P ,  M Pt Y PY M 
u r a t i o n  p s i a   p s i a   p s i a   p s i a   p s i a   p s i a  
Single  Port   2.25  10.9 2.68 245 17.9  2.53 320 13.8  2.55 254 
5 -Hole,  1.76  12.2  2.57  233 20. 2.50 344  14.8 2. 0 253 
Aligned 
5-Hole,  Per-  2.80  10.6  2.58 205 17.3 2.54  309 15.0  2.4 220 
pendicular  
P t  , P I  M PtY 
. .  
- - ~ . .  
The t o t a l  p r e s s u r e  l o s s e s  i n c l u d e  t h o s e  a s s o c i a t e d  w i t h  t h e  s t a n d -  
of f  shock  in  the  main  stream, t h e  b a r r e l  shock  s t ruc tu re  in  the  secondary  
j e t ,  and losses due to mixing and wall shear .  Whereas t h e  momentum of t h e  
secondary jet  i s  lo s t  w i th  c ros s - s t r eam in j ec t ion ,  t he  ne t  e f f ec t  on t o t a l  
p re s su re  r ecove ry  due  to  the  stream in te rac t ion  can  be  bene f i c i a l .  Th i s  
ar ises  from the  f ac t  t ha t  t he  compress ion  in  the  ma in  stream lowers  the 
Mach number a t  which mixing takes place,  and the  mixing  losses  are  lower. 
Coax ia l  i n j ec t ion  can  a l so  cause  a compression i n   t h e  main stream b u t  i n  
gene ra l ,  t he  a t t endan t  p re s su re  r ise  would  be less than with cross-s t ream 
i n j e c t i o n .  
To d e m o n s t r a t e  t h i s  e f f e c t  and a t  t h e  same time provide a compar- 
a t i v e  b a s i s  f o r  t h e  e x p e r i m e n t s  d i s c u s s e d  h e r e i n ,  c o n s i d e r  t h e  f o l l o w i n g  
exemplary cases.  Coaxial  constant-area mixing of an a i r  stream a t  M = 2.72 
wi th  a hydrogen j e t  a t  M = 1 w i t h  t h e  e x p e r i m e n t a l  v a l u e s  f o r  t h e  i n i t i a l  
t o t a l  p r e s s u r e s ,  i . e . ,  = 356 p s i a ,  pt = 565 p s i a ,  and T = Tt  = 530"R, 
i n  s t o i c h i o m e t r i c  p r o p o r t i o n s ,  r e s u l t s  i n  a mixed t o t a l  p r e s s u r e  of  186 ps ia .  
On the  o the r  hand ,  i f  t he  hydrogen  j e t  had been i n i t i a l l y  expanded t o  t h e  
a i r  stream s t a t i c  pressure of 14.83 p s i a ,  M j  = 3.024 p r i o r  t o  m i x i n g ,  t h e n  
t h e  mixed t o t a l  p r e s s u r e  would be  195 ps i a .  With cross-s t ream inject ion and 
no compression in  the  mains t ream the  cor responding  mixed t o t a l  p r e s s u r e s  
would be  133 p s i a .  f o r  e i t h e r  M e  = 1 o r  M = 3 . 0 2 4 ,  s i n c e  t h e  i n i t i a l  momen- 
tum o f   t he   fue l  i s  l o s t .  I f ,  i o w e v e r ,  t i e  s e c o n d a r y  i n j e c t i o n  c a u s e s  a com- 
p res s ion  in  the  ma ins t r eam,  p re s su re  r ecove r i e s  can  be  apprec i ab ly  h ighe r .  
For example, i f  t h e  i n t e r a c t i o n  c a u s e s  a compression equivalent  to  an 
obl ique turning angle  of  18.9" with a co r re spond ing  p res su re  r a t io  of 3.25, 
t hen  the  mixed t o t a l  p r e s s u r e  f o r  M = 1 and c o a x i a l  i n j e c t i o n  becomes  236 
psia.   With  cross-stream  injection  and  the model c o n s t r a i n e d  t o  t h a t  of t h e  
mixed j e t  a r e a  s e t  e q u a l  t o  a r e a  of the primary streamtube. following com- 
pression,  the comparison can not  be made. This  i s  because the Mach number 
i n  t h e  mixed stream i s  1.06 without compression and even the sl ightest  com- 
press ion  would produce  sonic mixed condi t ions .  However, i f  t h e  model i s  
cons t r a ined  to  cons t an t  p re s su re  in s t ead  of  cons tan t  a rea ,  then  a compari- 
son can be made. For a cons tan t -pressure  process  wi th  c ross -s t ream in jec-  
t i o n  and no compression, the mixed t o t a l  p r e s s u r e  i s  93 ps ia ,  bu t  w i th  com- 
press ion  equiva len t  to  18 .9"  of  tu rn ing ,  the  mixed t o t a l  p r e s s u r e  i s  152 
ps ia .  Obl ique  compress ions  of  o ther  s t rengths  would  of course  produce 
e i the r  h ighe r  o r  l ower  va lues  of mixed t o t a l  p r e s s u r e .  
'ta j t a  j 
j 
These  example cases  show that  c0nstan. t -area mixing processes  yield 
h ighe r  mixed to t a l  p re s su res  than  cons t an t -p res su re  p rocesses ,  much t h e  
same as  in  hea t - add i t ion  p rocesses .  P recompress ion  p r io r  t o  mix ing  r e su l t s  
i n   app rec i ab ly   l ower   t o t a l -p re s su re   l o s ses .  Comparison  of  the  experimental 
resul ts  with those of  the s imple two-stream model i n d i c a t e s  t h a t  t h e  p r e -  
compression due to  the  s t rong  shock  in  the  mains t ream i s  the probable  cause 
f o r  t h e  r e l a t i v e l y  h i g h  d e d u c e d  t o t a l  p r e s s u r e s .  
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CONCLUDING REWRKS 
This  de ta i led  s tudy  of the  near - f ie ld  d is t r ibu t ions  of  proper -  
t i e s  r e s u l t i n g  from t h e  t r a n s v e r s e  (normal) i n j e c t i o n  of  hydrogen  from 
f l u s h  wall p o r t s  i n t o  a Mach 2.72 a i r  s t ream has shown t h a t :  
1) A small improvement (- 7%) i n  a r e a  c o v e r a g e  of f u e l  d i s -  
t r i b u t i o n  i n  the  t r ansve r se  p l ane  a t  x/d = 5 f o r  a g iven  fue l  mass 
flow can be obtained by r ep lac ing  one l a r g e r  f u e l  p o r t  by a row of f i v e  
smaller po r t s   a l i gned  i n  the   f l ow  d i r ec t ion .  (Here x i s  t h e   d i s t a n c e  
downstream from t h e  c e n t e r  o f  t h e  i n j e c t o r  and d j e  i s  the  d i ame te r  o f  t he  
one l a r g e r  p o r t . )  I f  t h e  same row of f i v e  s m a l l e r  p o r t s  i s  o r i e n t e d  i n  
the cross-s t ream direct ion,  however ,  the area coverage decreases by - 12%, 
and t h e  t o t a l - p r e s s u r e  l o s s  f o r  t h e  main  stream  increases.  The reduct ion  
i n  a r e a  c o v e r a g e  r e s u l t s  from a la rge  decrease  (-40%) i n  v e r t i c a l  pene- 
t r a t i o n  d i s t a n c e  from t h e  p l a t e  t h a t  i s  o n l y  p a r t i a l l y  compensated  by 
be t t e r  l a t e ra l  cove rage .  Thus ,  i n t e rac t ion  be tween  ad jacen t  j e t s  i n  t h e  
l a t e r a l  d i r e c t i o n  i s  u n f a v o r a b l e  t o  f u e l  d i s t r i b u t i o n  f o r  t h e  f u e l  p o r t  
spacing  used i n  th i s   s tudy   (3-d iameter   cen ter - to-center   spac ing) .   Because  
c d m e  f i n i t e  l a t e r a l  s p a c i n g  w i l l  be needed i n  any practical  engine system, 
f u r t h e r  s t u d i e s  a r e  needed t o  d e f i n e  t h e  minimum spacing a t  which t h i s  un- 
j e  
. f a v o r a b l e   i n t e r a c t i o n  becomes neg l ig ib l e .  
2) From a combina t ion   of   cone-s ta t ic -pressure ,   p i to t -pressure ,  
and hydrogen-concentration measurements and many d a t a  a n a l y s i s  steps it  
was poss ib l e  t o  deduce hydrogen mass f l u x  d i s t r i b u t i o n s  w i t h  s u f f i c i e n t  
a c c u r a c y  t h a t  t h e i r  i n t e g r a l s  i n  t h e  p l a n e  a t  x/d = 5 agreed   wi th   the  
metered  hydrogen  input  mass  flows t o  w i t h i n  4% t o  12% (always  low).  Such 
agreement i s  cons ide red  to  be  qu i t e  good i n  view of t h e  number  of d a t a  
manipulations involved and the  complexi ty  of  the  f low f ie ld ,  and i t  con- 
f i rms  the  usefu lness  of the  da ta  reduct ion  procedures  for  x /d je  > 5. 
j e  
3) From t h e  deduced p r o f i l e s  a t  x / d j e  = 5 and a s imple constant-  
area mixing approximation i t  was p o s s i b l e  t o  e s t i m a t e  e q u i v a l e n t  a i r  t o t a l  
p ressure  recover ies  for  the  product ion  of  un i form,  s to ich iometr ic  mixtures .  
These recoveries were 71% f o r  t h e  s i n g l e - p o r t  i n j e c t o r  and the  a l igned  
m u l t i p o r t  i n j e c t o r ,  and 61% f o r  t h e  c r o s s - f l o w  o r i e n t a t i o n  of t h e  m u l t i p o r t  
i n j e c t o r .  The f a c t  t h a t  t h e  l o s s  f o r  t h e  m u l t i p o r t  i n j e c t o r  i n  t h e  c r o s s -  
f low or ien ta t ion  i s  a p p r e c i a b l y  h i g h e r  t h a n  t h a t  f o r  a s i n g l e  p o r t  f u r t h e r  
enforces  the  need  for  s tudying  the  spac ing  ef fec t  as noted  under (1). Even 
t h o u g h  t h e  l o s s e s  i n  t o t a l  p r e s s u r e  are  s u b s t a n t i a l ,  t h e y  are  apprec iab ly  
smaller than  would occur  without  precompression in  the pr imary stream wi th  
e i t h e r  c o a x i a l  o r  t r a n s v e r s e  i n j e c t i o n .  It appears  from t h e s e  r e s u l t s  t h a t  
t he  p rope r  cons ide ra t ion  of t he  shock  in t e rac t ion  i s  one of the more i m -  
p o r t a n t  f a c t o r s  i n  t h e  e v a l u a t i o n  of a p a r t i c u l a r  method of i n j e c t i o n .  
APPENDIX 
A l l  of the  de r ived  p rope r t i e s  of the f low are based on the ideal  
g a s  r e l a t i o n s h i p s  f o r  y = 1.4,  s i n c e  a l l  gases  present  a re  d iamot ic  a t  t h e  
cond i t ions  t e s t ed .  On t h e  o t h e r  hand i n  t h e  d e r i v a t i o n  of p rope r t i e s  de -  
pendent  on  the  gas  cons tan t  the  loca l  mass f r a c t i o n  of each component has  
t o  be considered; i . e . ,  t h e  g a s  c o n s t a n t  f o r  t h e  m i x t u r e ,  , i s  given by Rmix 
i 
where 
Yi mass f r a c t i o n  of t h e  ith component 
hi molecular   weight   of  he ith component 
Ro un ive r sa l  gas  cons t an t  , 1545.32 f t - l b f  /1bm-'R 
For  the hydrogen-air  mixture  
i yH2 + = Ro - 2.016 28.995 1 
where 
' a i r  = 1 - y  H2 
and  hydrogen mass f r a c t i o n  Y i s  g iven  by 
H2 
where the hydrogen mole fract ion i s  obtained from the gas-chromato- 
g raph ic   ana lys i s  of the  samples.  It i s  assumed t h a t  t h e  l o c a l  t o t a l  t e m p e r a -  
t u r e  i s  the  sum of the hydrogen and a i r  plenum temperatures weighted by t h e i r  
r e spec t ive  mass f r a c t i o n s :  
5 3 2  
T = T t  Y + T  ' a i r  tmix % '2 t a i r  
(A-4) 
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The l o c a l  Mach number i s  de te rmined  f rom the  ra t io  of cone sur- 
f ace  p re s su re  pc t o  p i t o t  p r e s s u r e  pt ' us ing  e i the r  con ica l  shock  t ab le s  
(Ref. 13) or, i n  t h e  c a s e  of machine data reduction, a ninth-degree poly-  
nominal  expression  (Ref. 10) as   fo l lows:  
M = 1.19999 + 0.58974 Z + 0.39513 Z2 + 0.59601 Z3 
- 3.19487 Z4 + 16.42127 Z5 - 44.28010 Z" 
+ 65.16608 Z7 - 48.38444 2' + 14.48614 Z9 (A-5) 
which i s  appl icable  over  the  range  
0.1748 < ps/pt '  4 0.5438; 0 = 15 deg 
where 
z = -  2.71003 (pc/pt ' )  + 1.47371 
With Mach number and  mixed to t a l  t empera tu re  de f ined ,  t he  loca l  
s t a t i c   p r e s s u r e  p i s  obtained from the  Rayleigh  pi tot   formula  (Ref .  15) 
and pt and Tmi from the   i s en t rop ic   f l ow  r e l a t ionsh ips  (Ref.  15). The 
l o c a l  (mixture'lj  flow v e l o c i t y  i s  given by 
u = M a  (A-6) 
where a ,  t h e  sound  speed ( i n   f t / s e c )  i s  given by 
and t h e  hydrogen mass f l u x ,  (pu)% i s  obtained from 
Poin t  va lues  of  a ,  , ( 0 ~ ) ~ ~ ~  and ( p ~ ) ~  are c a l c u l a t e d   f o r   s e l e c t e d   i n -  
t e r v a l s  i n  z / d . *  ( g e n e r a l l y  from  0.15 t o  0.50) fo r  each  va lue  of y/d.* 2 
0.625 ( t h e  c l o s e s t  d i s t a n c e  t o  t h e  p l a t e  t h a t  was surveyed) up t o  p o s i t i o n s  
i n  z / d . *  and  y/d.*  where the hydrogen concentrat ion i s  zero. These pro- 
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FIG. 1 FLAT  PLATE  INJECTOR  MODEL  SHOWING  TOTAL PRESSURE RAKE 
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FIG, 3 CONCENTRATION PROFILES FOR SONIC INJECTION FROM A SINGLE 
PORT INTO  A  MACH 2.7 AIRSTREAM 
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Y/di+ Pta  Pt. 
psia psia 
a 0.625  356 554 
0 1.25 357 558 
0 2.50 359 582 
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A 3.75  358  550 
e 5.00 360 540 
psia  psia 
A 0.625 356 551 
0 1.25  358  550 
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e 5.00 357 553 
FIG. 4 MEASURED CONE SURFACE PRESSURE DATA AND PITOT PRESSURE DATA FOR A 
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FIG. 5 MEASURED CONE SURFACE PRESSURE DATA  AND  PITOT PRESSURE DATA FOR A 
SINGLE-PORT INJECTOR AT x/dj* = 10 
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FIG. 6 CONCENTRATION PROFILES AT x/dj = 5.00 FOR UNDEREXPANDED SONIC INJECTION 
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FIG. 7 MEASURED CONE SURFACE PRESSURE DATA AND PITOT PRESSURE DATA FOR FIVE- 
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FIG. 8 MEASURED CONE SURFACE PRESSURE DATA AND PITOT PRESSURE DATA FOR 
FIVE-PORT INJECTOR ALIGNED WITH FLOW AT X/dje= 5 
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FIG. 9 SCHLIEREN  PHOTOGRAPHS OF JET  STRUCTURE  FOR  SONIC  INJECTION  FROM  A 
FIVE-PORT  INJECTOR (PT. /P~ = 5.7) INTO A MACH 2.7 STREAM 
1 
28 
y/dj' T 'a - O R  T 'i -OR 
T, OR A --I- 0.625  532 1.25  547 - - - 2.50  526 --- 3.125  532
"3.75  532  505 
5.00  538  51  3 
""
\ '\ 





0 1 2  3  4 
Distance off center, z/dj* 
FIG. 10 DEDUCED  STATICTEMPERATURE  AND PRESSURE  PROFILES  FOR THE  SINGLE-PORT 
INJECTOR A T  x/di* = 5 
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FIG. 11 DEDUCED  STATIC  TEMPERATURE  AND PRESSURE  PROFILES FOR THE  SINGLE-PORT 
INJECTOR  AT x/dj* = 10 
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FIG. 12 DEDUCED ISOTHERMS AT TWO NONDIMENSIONAL  AXIAL STATIONS, x/dj* = 5 AND 10, 
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FIG. 13 DEDUCED  ISOBARS AT TWO NONDIMENSIONAL  AXIAL STATIONS, x/di* = 5 AND 10 FOR THE 
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FIG. 14 DEDUCED MACH NUMBER CONTOURS AT TWO STATIONS FOR THE  SINGLE PORT INJECTOR * 
y/dj I 
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FIG. 15 DEDUCED  VELOCITY  CONTOURS AT TWO STATIONS FOR THE  SINGLE-PORT  INJECTOR 
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FIG. 16 DEDUCED HYDROGEN MASS FLUX  AT TWO STATIONS FOR THE SINGLE-PORT INJECTOR 
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FIG. 20 DEDUCED ISOBARS AT x/dj, = 5 FOR FIVE-PORT INJECTOR AXIS (a) ALIGNED  WITH 
FREESTREAM, AND (b) PERPENDICULAR TO FREESTREAM 
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FIG. 21 DEDUCED  MACH  NUMBER  CONTOURS FOR FIVE-PORT  CIRCULAR  INJECTIOR (a) ALIGNED 
WITH AND (b) PERPENDICULAR TO FREESTREAM. 
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FIG. 22 DEDUCED VELOCITY CONTOURS AT x/dje = 5 FOR FIVE-PORT INJECTOR (a) ALIGNED 
WITH FREESTREAM, AND (b) PERPENDICULAR  TO  FREESTREAM 
Distance off center,z/die 
FIG. 23 HYDROGEN MASS FLUX PROF1  LES AT x/dje = 5 FOR UNDEREXPANDED  SONIC  INJECTION 
INTO  A  MACH 2.7 AIRSTREAM; INJECTOR AXIS  ALIGNED  WITH  FREESTREAM (a), AND 
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FIG. 24 DEDUCED MASS FLUX CONTOURS FOR AIR-HYDROGEN MIXTURE 
AT x/dj* = 5 FOR FIVE PORT INJECTOR (a) ALIGNED WITH FREE- 
STREAM, AND (b) PERPENDICULAR TO  FREESTREAM 
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FIG. 25 DEDUCED  TOTAL PRESSURE PROFILES AT x/dje = 5 FOR  FIVE-PORT INJECTOR (a) ALIGNED 
WITH  FREESTREAM,  AND (b) PERPENDICULAR TO  FREESTREAM 
